Part of the molten system NaF-AlF 3 -Al 2 O 3 was studied by surface tension measurements, which were performed at cryolite ratios (CR) between 1.5 and 3 [CR = n(NaF)/n(AlF 3 )]. The maximal bubble pressure method was applied. The surface adsorption of alumina (Al 2 O 3 ) was also calculated. The obtained results were discussed in terms of the anionic composition of the melt. The addition of AlF 3 to melt with CR = 3 decreases the surface tension, as AlF 3 is surface-active in molten Na 3 AlF 6 . The concentration dependence of the surface tension and the surface adsorption of alumina in the title system are influenced by the formation of surface-active oxofluoroaluminates. An increase of the difference between the surface tension of NaF-AlF 3 mixtures and the surface tension of pure alumina was observed with decreasing cryolite ratio.
Introduction
In the production of aluminium by the Hall-Héroult process alumina (Al 2 O 3 ) is electrolyzed in a molten NaF-AlF 3 mixture. The surface tension is an important parameter which affects the industrial electrolytic production of aluminium. Several interfaces are present in the aluminium electrolysis cell. The interfacial tension between the electrolyte and molten aluminium is connected with the solution rate of aluminium in the electrolyte. The interfacial tension between the carbon parts and the electrolyte affects the penetration of the electrolyte into the carbon lining. The surface tension of the molten bath influences the separation of the carbon particles from the electrolyte and the coalescence of the fine aluminium droplets [1] .
Grjotheim et al. [2] pointed out that the published surface tension data till 1980 are controversial, and further investigations have to be made. In 1983 Bratland et al. [3] published new surface tension data of the molten systems cryolite (Na 3 AlF 6 )-Al 2 O 3 and Na 3 AlF 6 -CaF 2 . They used the pin detachment method for measuring the surface tension. Their results differ significantly from those published before 1980. The reasons of these differences were also given.
0932-0784 / 06 / 0700-0389 $ 06.00 c 2006 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com Fernandez et al. [4] used as Bratland et al. [3] the pin detachment method for measuring the surface tension of cryolite-based melts. Their data confirmed Bratland's results.
Fernandez and Østvold [5] measured the surface tension of different molten cryolite-based systems. In the molten system NaF-AlF 3 the surface tension decreases with increasing concentration of AlF 3 . Evidently AlF 3 is a surface-active component in the NaFAlF 3 system. Daněk et al. [6] published surface tension data of low-temperature electrolytes containing AlF 3 , LiF, KF, CaF 2 and Al 2 O 3 .
Surface tension data are interesting from both the technological and structural point of view. More covalent species concentrate at the surface of the melt.
The ionic structure of cryolite melts has been discussed for more than 75 years, but it is still controversial [1] . Nowadays it is generally accepted that molten Na 3 AlF 6 is completely dissociated into ionic entities. In 1975 Gilbert et al. [7] did not detect any spectral evidence for AlF 3 as an entity in liquid NaF-AlF 3 mixtures, and hence the presence of AlF 3 was excluded in molten cryolite. They discussed the presence of AlF 3− 6 and AlF In 1986 Dewing [8] modified this dissociation scheme. Based on thermodynamic modeling, applying his own activity data for NaF and AlF 3 , he concluded that the AlF 2− 5 anion should be a major entity in the molten cryolite. Dewing proposed the following dissociation reactions:
Gilbert and Materne [9] reinvestigated the molten NaF-AlF 3 mixtures by Raman spectroscopy. The band at 555 cm −1 , previously assigned to AlF 3− 6 [7] , was now interpreted as originating from AlF 2− 5 . A weak shoulder at 515 cm −1 , heavily overlapped by the 555 cm −1 band, was assigned to AlF 3− 6 . On the other hand, Brooker et al. [10] performed a Raman study of an eutectic LiF-NaF-KF mixture after addition of either AlF 3 or Na 3 AlF 6 . The transition from the solid to the liquid state at about 455 • C occurred without change in the peak positions, half-widths and relative intensities. The bands detected in the liquid phase were thus assigned to AlF 3− 6 . There was no evidence of a shoulder on the low frequency side of the AlF 3− 6 band, as reported previously by Gilbert and co-workers [9, 11, 12] . Robert et al. [13] investigated the molten system NaF-AlF 3 by high-temperature 27 Al NMR. The experimental chemical shifts were compared to the shifts calculated on the basis of their previous Raman model [11, 12] with AlF 
.
The ionic composition of cryolite systems with alumina is more complicated. From cryoscopy measurements on the sodium fluoride-rich side in the reciprocal salt system NaF-AlF 3 -Na 2 O-Al 2 O 3 Førland and Ratkje [14] suggested the preferred formation of Al 2 OF
From vapour pressure measurements Kvande [15] proposed the formation of Al 2 OF 4− 8 as the most important anion at low alumina content in cryolite melts.
Sterten [16] developed an ionic structure model for NaF-AlF 3 melts containing alumina. The calculation of anion fractions as functions of the cryolite ratio (CR) suggested Al 2 OF [18] . They studied the structure of NaF-AlF 3 -Al 2 O 3 melts by high-temperature NMR for the four nuclei 27 Al, 23 Na, 19 [19] .
In the present work the surface tension of the ternary system NaF-AlF 3 -Al 2 O 3 is studied and the surface adsorption of alumina is calculated. The obtained results are discussed in terms of the anionic composition. Figure 1 shows the apparatus for the measurement of the surface tension with the maximal bubble pressure method. The measuring device consisted of a resistance furnace with a special water-cooled furnace lid with an adjustable head fixing the position of a PtRh20 capillary, a working Pt/PtRh10 thermocouple and a platinum wire. The platinum wire served as electrical contact to adjust the exact touch of the capillary with the molten salt surface. A micrometer screw, fixed on the lid, moved the head and determined the exact position for the touch of the capillary with the liquid surface. It enabled to define the required depth of immersion with an accuracy of ±0.01 mm. A PtRh20 capillary with an outer diameter of 3 mm was used. In order to obtain precise results, the capillary tip was carefully machined. The orifice had to be as circular as possible, with a sharp conical edge. A precise inner diameter of the capillary is very important for accurate measurements. The inner diameter of the capillary at room temperature was calculated from measured surface tensions of water and acetone, the values which are well established. The equation for the thermal expansion of the PtRh20 alloy was used for the calculation of the actual capillary diameter at the measuring temperature.
Experimental

Apparatus
An additional Pt/PtRh10 control thermocouple, placed very close to the heating shaft of the furnace, was connected with the temperature controller Micromega ICN 77343C2 to adjust the required working temperature. The working Pt/PtRh10 thermocouple, placed at the furnace, was calibrated by the known melting points of NaCl, KCl and NaF. The voltameter MT-100, calibrated with the very precise multimeter KEITHLEY 2700, was used for the temperature measurements.
The digital micromanometer COMMET LB/ST 1000 with two measuring ranges, 200 Pa and 1000 Pa, was used for the pressure determination. This enabled us to measure the pressure with an accuracy of ±1 Pa. Nitrogen, conducted through concentrated sulphuric acid in order to remove water traces, was used to form the bubbles and to maintain an inert atmosphere above the sample. When the capillary was above the melt between the measurements, the inert gas was slowly fed through the capillary to avoid condensation in the upper part of the capillary. During the measurements the rate of bubble formation was approximately 1 bubble per 15 -25 s.
Procedure
The surface tension can be calculated according to [20] by
where r is the capillary radius, p max the maximal bubble pressure when the bubble is a hemisphere with the radius equal to the radius of the capillary, g is the gravitational constant, h the depth of immersion of the capillary and ρ the density of the melt. It should be noted that in reality cavities are formed, not bubbles. Solheim [21] published an empirical equation for the density of the molten system NaF-LiF-AlF 3 -CaF 2 -Al 2 O 3 . Solheim's equation is based on the experimental data cited in a monograph of Thonstad et al. [1] and reliable density data that are summarized in a monograph of Grjotheim et al. [2] . However, there is also a possibility of calculating the surface tension of the liquid without knowing the density of the melt. In the present case the density ρ of the melt can be eliminated from (1), and for two different immersion depths the following equation is valid:
where p max,i is the maximal bubble pressure at the immersion depth h i (h 1 < h 2 ). , This work; ---, Janz et al. [24] .
In the present study (2) was used, where an error from the density determination is overcome.
The surface tension of each sample was measured at 5 -7 different temperatures in the range of 80 -120 • C, starting at approximately 20
• C above the temperature of primary crystallization, t pc , which was obtained from the literature [22] .
Because of an increase in the total vapour pressure above the melts with a higher amount of aluminium fluoride, the time of melting those mixture (especially at CR = 1.5) was shortened.
By measuring the selected mixtures repeatedly it was shown that no significant change in the surface tension did occur.
The measurements were made at four depths of immersion (2, 3, 4 and 5 mm), yielding six surface tension values for each temperature.
Precision and Accuracy
The estimated experimental accuracy of the maximal bubble pressure method is ca. ±1% [23] . Molten sodium chloride was used as reference to determine the accuracy of the measurements. The obtained data are compared in Fig. 2 with recommended data given by Janz et al. [24] .
The maximum deviation between the recommended and the presented data was 0.5%.
Chemicals
Natural hand-picked Na 3 AlF 6 was from Greenland (melting point: 1009 -1011 • C), AlF 3 sublimated under vacuum in a graphite crucible, AlF 3 sublimated in a platinum crucible, Al 2 O 3 (p. a.) from Merck, and NaCl, KCl and NaF were all from Fluka (p. a.). All chemicals were dried for several hours at 500 • C before use. N 2 (99.90%) was conducted through concentrated sulphuric acid in order to remove traces of water.
Results and Discussion
Fernandez and Østvold [5] reported that their frozen melt containing AlF 3 , sublimated in a graphite crucible, displayed a surface of greyish colour, and the reproducibility of the surface tension measured in this melt was bad. The reason of this behaviour was probably the presence of small carbon particles from the graphite crucible. These carbon particles float on the melt and concentrate on the surface. In the present case good agreement was observed between the surface tension data of natural hand-picked Na 3 AlF 6 from Greenland, synthetic Na 3 AlF 6 (AlF 3 sublimated in a graphite crucible and AlF 3 sublimated in a platinum crucible, respectively) and the most reliable previously reported data [3, 5] (Fig. 3) . The maximum deviation was 0.7%. This is still within the limits of accuracy of the maximal bubble pressure method. The use of AlF 3 sublimate in a graphite crucible exhibited no influence on the surface tension, and the reproducibility was good, as well. The frozen melt showed a white colour in the whole volume and on the surface. The quality of the used carbon as material for the crucible has a major influence on the quality of the produced AlF 3 .
In a restricted temperature range the experimental temperature dependence of the surface tension can be expressed by the linear equation
where γ is the surface tension in mN m −1 and t is the temperature in • C. The melt compositions and the values of the constants a and b in (3), obtained from the linear re- Fig. 4 . Surface tension of NaF-AlF 3 mixtures.
• and line, Fernandez and Østvold [5] ; , this work; t = 1000 • C. 
The calculation of the coefficients A j in (4) was performed using multiple linear regression analysis, omitting the statistically nonimportant terms on the 0.95 confidence level.
The calculated values of the coefficients A j and the standard deviations of the approximation for three chosen temperatures (975
• C and 1025
• C) are given in Table 2 .
The surface tension of the system NaF-AlF 3 at 1000 • C is presented in Figure 4 .
The surface tension of molten sodium fluoride decreases with increasing amount of aluminium fluoride. This implies that AlF 3 is a surface-active component in the system NaF-AlF 3 . This behavior was explained by the formation of AlF [8, 9, 11, 12] . They will concentrate on the surface of the melt, reducing the surface tension. A more detailed explanation of the influence of ionic species on the surface tension of cryolite-based melts was published in [5, 23] .
The dependences of the surface tension on the content of alumina at four cryolite ratios CR are shown in Figure 5 .
At CR = 3 the surface tension decreases at low alumina contents [up to x(Al 2 O 3 ) ≈ 0.04], and then the surface tension reaches a constant value with further increasing of alumina content. Identical results in the investigated concentration range were observed by Bratland et al. [3] and Fernandez et al. [4] . A similar behaviour of the surface tension is observed at CR = 2.5, however with lower surface tension values than at CR = 3 (Fig. 5) . The surface tension at CR = 2 decreases, reaches a minimum and then in- creases with further alumina addition. The surface tension at CR = 1.5 is increasing with increasing alumina content.
The surface adsorption of alumina was calculated for all four cryolite ratios at 1000 • C in the following way.
Gibbs' equation for the surface tension is obtained by converting the equation for Gibbs' energy of a liquid surface at constant pressure, and it is in general valid for the surfaces of molten systems [25] :
where γ is the surface tension, s s the surface entropy per unit area, Γ i the surface adsorption and µ s i the chemical potential of the component i in the surface layer.
At equilibrium the chemical potentials of all components in the surface phase have to be equal to the chemical potentials in the bulk liquid and in the gas phase. Therefore the chemical potentials µ s i in the surface phase can be replaced by the chemical potentials in the bulk liquid µ i .
At constant temperature, for the molten system NaF-AlF 3 -Al 2 O 3 one can write
In the further text the meaning of the indexes is as follows:
Provided that Γ 1 ≈ Γ 2 ≈ 0 is chosen, this gives
This simplification of Gibbs' equation in the ternary system NaF-AlF 3 -Al 2 O 3 can be used only in crosssections with a constant ratio of the amounts of selected substances. In the system NaF-AlF 3 -Al 2 O 3 the pseudo-binary systems NaF/AlF 3 -Al 2 O 3 were chosen. For the derivative of the experimentally determined concentration dependence γ = f(x 3 ) of the surface tension of the pseudo-binary systems NaF/AlF 3 -Al 2 O 3 it can be written as [25] :
For the chemical potential of alumina in the liquid phase it can be written:
Differentiating (9) we get
and inserting (7) and (10) into (8) it follows: Finally a common equation for the surface adsorption of alumina in the pseudo-binary molten systems NaF/AlF 3 -Al 2 O 3 can be derived:
At equilibrium, the chemical potential of alumina in the surface phase has to be equal to the chemical potential of alumina in the bulk liquid, as stated above. Therefore the empiric equations for the activity of alumina in the molten system NaF-AlF 3 -Al 2 O 3 , derived by Solheim and Sterten [26] , can be used for the calculation of the term (dlna 3 /dx 3 ) T,p : +11. 16 (13b) and
where CR is the cryolite ratio andH 3 is the partial enthalpy of mixing for Al 2 O 3 in kJ mol −1 . The derived empiric equations are consistent with the GibbsDuhem equation. These equations show good agreement with the experimental data available in the literature, such as heat of dissolution, liquidus temperature, alumina solubility, vapour pressure and EMF of electrochemical concentration cells.
After inserting (13b) and (13c) into (13a) and consequent derivation with respect to x 3 we obtain the final equation for the term (dlna 3 /dx 3 ) T,p :
which was used for the calculation of the surface adsorption of alumina according to (12) . The values of terms of (12) and the surface adsorption of alumina calculated by this equation at 1000 • C are given in Table 3 .
The surface adsorption is positive when the term (dγ/dx Al 2 O 3 ) T,p is negative and vice versa. In general, when the surface tension decreases, the added compound (solvent compound) will be surface-active and concentrated on the surface, and the surface adsorption will be positive. The dependences of the surface adsorption of alumina on the alumina content and cryolite ratio are presented in Figure 6 .
It is obvious that the surface tension is influenced by the presence of ionic constituents in the melt. Ionic constituents of the investigated melts come from different processes: (i) melting; (ii) dissociation; (iii) dissolution and (iv) mutual reaction. Consequently, the investigated melt will consist of a relatively large number of different ionic species. However the concentration profile of each ionic component is unknown, as the system is too complex, and moreover, the presence of some ionic species is still under discussion. Based on the most accepted studies, the following explanation of the observed surface tension can be suggested.
As it was mentioned above, different authors suggested that Al 2 OF anions is expected at the lower alumina concentrations [12, 15 -18, 27] . These anions are thus probably responsible for the decrease of the surface tension (positive values of the surface adsorption of alumina). Further addition of alumina would result in the appearance of Al 2 O 2 F 2− 4 resulting in a slight increase of the surface tension for CR = 3 and 2.5, and a more pronounce increase at CR = 2. The surface adsorption of alumina at CR = 2 after reaching the maximum begins to decrease to negative values. As at CR = 1.5 the system is rich in aluminium, the formation of the first two anions is suppressed and only Al 2 O 2 F 2− 4 is present, leading to an increase in the surface tension.
Symmetry is an important factor that should be considered for the explanation of surface properties of melts. The higher the local symmetry the higher the energy which is needed for reorientation of the surface layers. Consequently, constituents that lower the local symmetry of the melt will lower the surface tension and vice versa. Thus the anions Al 2 OF 2− 6 and Al 2 OF 4− 8 , which lower the symmetry, may be considered as agents lowering the surface tension, and the anion Al 2 O 2 F 2− 4 , having higher symmetry, as agent increasing the surface tension. This corresponds to the observed behaviour of the surface tension of the investigated system at CR = 1.5 (paragraph above).
To the factors affecting the surface tension in mixtures belongs the difference between the surface tensions of pure components. The surface tension of pure Al 2 O 3 near the melting point (ca. 2050 • C) is (606 ± 6 mN m −1 [28] . The surface tension of alumina at the present measuring temperatures will probably be much higher than that of cryolite-based melts. Therefore only an increase in the surface tension at the high alumina concentrations of cryolite ratios equal to 3, 2.5 and 2 is expected. Because of the difference between surface tensions of the NaF-AlF 3 melt at CR = 1.5 and alumina is higher than the difference between surface tensions of NaF-AlF 3 melts at CR = 3, 2.5 and 2, only an increase of the surface tension with increasing concentration of alumina was observed.
Conclusion
The following trends have been found for the surface tension of the investigated system: (i) the surface tension of melts free of alumina decreases with decreasing cryolite ratio; (ii) the surface tension decreases with initial alumina addition followed by a slight increase at CR = 3, 2.5 and 2; (iii) at CR = 1.5 the surface tension increases only with increasing alumina content. Based on the most accepted literature data, the anions Al 2 OF 2− 6 and Al 2 OF 4− 8 are assumed to be the surface-active species.
